Energy demand for heating and cooling constitutes almost 50% of the total energy demand in Europe and strongly depends on fossil fuels. Decarbonising this sector and providing a sustainable supply should be a main goal of climate policy. The technical and economic feasibility of supply options depends strongly on local conditions. The focus of this research is to assess the cost-effectiveness of sustainable heat and cold supply solutions under southern European conditions. We use the city of Matosinhos (Portugal) as an example. The methodology includes estimation of thermal demands and hourly simulation of alternative supply scenarios.
Introduction
Accounting for about 50% of final energy consumption, heating and cooling represents the biggest energy use sector in the EU [1] , which is still dominated by fossil fuel use and responsible for a major share of EU GHG emissions. For these reasons, the European Commission drafted the EU Heating and Cooling Strategy [2] in February 2016. This strategy represents the first EU initiative addressing the demand and supply for heating and cooling in buildings and industry in an integrated framework.
The decisions about heating and cooling investments and infrastructure are, however, mostly local in nature because they are taken by municipalities, utilities and private investors. The potentials and costs of using RES vary heavily across regions in Europe and are determined by local conditions. EU strategies need to take these diverse local particularities into account. While there have been many city-level assessments of heating and cooling supply options in northern European countries and Scandinavian countries in particular [3e5], so far, there has been less focus on southern European countries. Many municipalities and regions in southern Europe have important characteristics in common: They often do not have a district heating/cooling infrastructure, and space cooling is much more important than in northern European countries [1] . At the same time, solar irradiation in the South is higher, making solar-based solutions more cost-effective. In this paper, we assess heating and cooling supply options for the city of Matosinhos in Portugal. We focus on replacing the existing natural gas boilers with heat pumps, a solution with and without PV, and the construction of a new district heating and cooling network.
DHC is widely recognised as an important element in any future smart and sustainable energy system [6e9] able to balance fluctuating RES electricity generation with power-to-heat solutions and exploit the large volumes of industrial excess heat for heating and cooling purposes [10, 11] which have often been overlooked in energy planning models. Feasibility studies about the potential of utilizing excess heat in district heating networks indicate that 46% of the total excess heat in EU27 corresponds to 31% of the total building heat demand [12] , with the chemical industry and refineries having one of the highest excess heat/fuel use proportion of up to 24% [13] . The construction of an efficient 4GDHC can, in principle, provide multiple benefits for municipalities. Several DHC networks are already in operation in cities like Barcelona, Paris, Stockholm, etc. [14, 15] . However, in Portugal, there is only one network currently in operation in Lisbon [16] . A similar DHC network could be built in Matosinhos to supply the heating, hot water and cooling demand of nearby residential and commercial buildings.
Furthermore, the DHC network could also be supplied by a broad range of renewable and recycled energies, thus extending the benefits of such a solution. In the case of Matosinhos, the interesting opportunity explored in this research is to use the excess heat from the local refinery. Refineries are well suited to supplying district heating networks, because they provide a relatively continuous stream of excess heat. The high shares of refineries' excess heat in even large district heating grids show the huge capacity available [17e20] . This solution has the potential to not only increase the efficiency of the refinery, but also to provide a sustainable heating and cooling supply for the local community by using heat that would otherwise be wasted.
The aim of this paper is to assess the technical and economic feasibility of sustainable heat supply technologies in order to reduce the CO 2 emissions from heating and cooling. To capture the local circumstances, we conduct a case study for the city of Matosinhos in Portugal. Sustainable heat supply options are assessed including a DHC network supplied by industrial excess heat, and heat pumps in combination with PV. These supply options are compared to the system in operation today (natural gas boilers and compression chillers).
The methodology is based on hourly simulation of heat supply and includes estimations of heat demands, resource potentials and techno-economic technology data. Finally, a sensitivity analysis is conducted to assess the impact of changes in interest rates, investment costs, and fuel costs. This paper is structured into seven parts: the introduction (1), the description of the status quo of energy demand in the analysed area (2), methodology and input data used for the analyses (3), results from both a private and a socio-economic perspective (4), sensitivity analyses (5), discussion (6), and conclusion (7).
Matosinhos case study and modelled area
The city of Matosinhos, Portugal was analysed in detail in order to explore the current challenges of deploying a higher share of RES-H&C. Matosinhos is in the northern part of Portugal, situated directly on the Atlantic coast, north of Porto (Portugal's second largest city), and covers an area of approximately 62 km 2 . In 2009, primary energy use in Matosinhos was just over 5.2 TWh/y, of which 4.6 TWh were of fossil origin. Only 14% of the primary energy resources were used directly, mainly in the form of natural gas, while the remaining 86% of primary energy were converted into electricity (34%) and petrochemical fuels (52%). Primary energy use per inhabitant was 31 MWh/y in Matosinhos, somewhat higher than Portugal's average of about 24 MWh/y. Approximately 34% of the electricity came from renewable sources. Fig. 1 presents the primary energy use and final energy demand in 2009. From a demand perspective, buildings were responsible for 37% of final energy use (20% residential, 17% commercial buildings), while the transportation sector used 32% and industry 27% of the final energy.
In total, 4.3 TWh final energy were used in the city. Fig. 2 shows a map of the area analysed. It currently comprises about 69 buildings but has the potential for gradual expansion. 63 of the 69 buildings are part of a large new development area (called Norte Center). Building types range from office to commercial and residential spaces, including a hotel and a conference center. While the Norte Center represents a large majority of the number of buildings, it corresponds to only about 58% of the total built area (about 240 000 m 2 ). The other 6 are large commercial buildings constructed nearby over the last 9 years. Four of these are large stores (Decathlon e sports goods, Conforama e household furniture and appliances, Leroy Merlin e DIY and gardening supplies; and IKEA efurniture). In addition, Mar Shopping is a fairly large mall (physically connected to the IKEA store), and the Exponor, one of the largest exhibition centres in Portugal. Altogether, these 6 buildings encompass about 175 000 m 2 of the built area. There is also a recently built logistics center nearby which might present significant cooling demand in the future and be relevant from the perspective of grid expansion, but was not included in this exercise.
Methodology and data
The methodology used in this research contains five main steps. 
